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Electron Spin Resonance (ESR) Study of
Cigarette Smoke by Use of Spin Trapping
Techniques
by William A. Pryor,* t Ken-ichi Terauchi,* and William H. Davis, Jr.*

The technique of spin trapping has been applied to the gas phase of cigarette smoke to identify
and quantify the radicals present. It was found that radicals could be trapped only if the smoke
was filtered. Three spin traps were used: N-tert-butyl-a-phenyl nitrone (PBN),
5,5-dimethyl-A'-pyrroline-l-oxide (DMPO) and a-43,5-di-tert-butyl-4-hydroxyphenyl)-N-tert-
butyl nitrone (OHPBN). From the electron spin resonance 4ESR) splitting constants of the
radicals produced by the reaction of smoke radicals with the spin traps and also from the effect of
varying the path length between the cigarette and the spin trap solution, it is concluded that three
types of signals are observed. Type I signals indicate the presence of oxygenated radicals which
appear to be a mixture of alkoxy radicals RO and aroyloxy (ArCO2 I radicals. Our data do not
allow conclusions about the nature of the R or Ar groups in these two oxy radicals; however, con-
siderations based on lifetimes suggest that the R group probably is tertiary. Type II and III
signals are not typical spectra of spin adducts. Instead, we believe they result from reaction of
smoke land probably radicals in smoke) with the PBN spin trap and indicate that smoke has the
ability to effect one-electron oxidations. Only type I signals are observed with DMPO and OHPBN.
A quantitative study shows that 4 x 1014 spins/puff are present in the smoke, in contrast with the
result of a recent study which used a very different method for determining the radical content of
smoke.
A discussion of the nature of the radicals in smoke and some tentative conclusions are

presented.

Introduction
It is widely recognized that cigarette smoke is

pernicious and highly noxious (1) but, partly
because smoke consists of many compounds
(probably over 10,000), the mechanisms by which
it produces the observed pulmonary pathology
are not clear (2,3). However, several lines of
evidence suggest that free radicals may be in-
volved. First, it is known that radicals are pres-
ent in unsmoked tobacco, in burnt tobacco, and in
smoke (4). Secondly, there is inferential evidence
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linking cancer, one of the observed pathological
results of continuous exposure to smoke, with
free radicals (5-10). And, finally, there is some
evidence that thiols, known to be free-radical
scavengers, protect cells against the effects of
smoke (11). For these reasons, and as part of a
general study of the molecular mechanisms
underlying the pathology caused by free radicals
and free-radical-producing reagents, we have be-
gun a study of the radical chemistry of cigarettes
and cigarette smoke.
As our first approach to this complex problem,

we have elected to utilize the technique of spin
trapping to identify the radicals present in
smoke. We here report initial results of that
study.
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Lyons et al. (12) first detected ESR signals
from free radicals in tobacco smoke condensate
which was trapped at liquid oxygen tempera-
tures. In subsequent years, several ESR studies
have been reported on whole cigarette smoke
condensates at low temperatures (13-16). The in-
teraction of smoke radicals in whole main stream
smoke with blood or tissue also has been demon-
strated by ESR (9). However, less attention has
been paid to the radical chemistry of the gas
phase of smoke, although it is known that the gas
phase is, under some experimental conditions at
least, as toxic as the condensed phase (14,17,18).
It appeared likely to us that the recently
developed techniques utilizing spin traps could be
applied to identify and quantify the radicals
present in the gas phase of smoke.
The spin trapping method for identifying

radicals is based on the reaction (19-21) shown in
eq. (1).
short-lived radical + spin trap > spin adduct (1)

(paramagnetic) (diamagnetic) (paramagnetic)

Thus, the short-lived radicals in gas-phase smoke
combine with the spin trap reagent to give rela-
tively stable free radicals (spin adducts) which
can be detected by ESR. From the values of the
nuclear hyperfine splitting constants of spin ad-
ducts, it is possible to evaluate the character of
short-lived radicals in the system. In this com-
munication, we wish to report the results ob-
tained from the ESR study of the reaction of
filtered but unfractionated gas phase smoke
radicals with several spin traps at room tem-
perature. The spin traps we have used are
N-tert-butyl-a-phenyl nitrone (PBN), 5,5-
dimethyl-A1I-pyrroline 1-oxide (DMPO), and a-(3,5-
di-tert-butyl-4-hydroxyphenyl)-N-tert-butyl ni-
trone (OHPBN).

~jt
B=N
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H3C N H
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DMPO

0
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Dimethyl-Al-pyrroline-l-oxide (DMPO) was pre-
pared by reduction of 2-(3-methyl-3-nitrobutyl)-1,
3-dioxolane (22). Our material has bp 78°C/1.2
mm (lit. bp 66-67°C/0.6 mm). a-(3,5-Di-tert-butyl-
4-hydroxyphenyl)- N-tert-butyl nitrone (OHPBN)
was prepared from 3,5-di-tert-butyl-4-hydroxy-
benzaldehyde and tert-butylhydroxylamine (23)
and purified by recrystallization from ethanol. It
melts above 200°C with decomposition. It has
NMR peaks (in CDCl3) at d: 1.48 (s, 18H), 1.64
(s, 9H), 5.52 (s, 1H), 7.42 (s, 1H), 8.20(s, 2H). Ben-
zene, used as a solvent in spin trap solutions, was
purified by the ordinary method and stored over
3A molecular sieves. Nitric oxide and nitrogen
dioxide gases were obtained from Matheson. The
cigarettes used in this study were research ciga-
rettes, grade R kindly supplied by the University
of Kentucky Tobacco and Health Research Insti-
tute, and nonfiltered commercial cigarettes.
Grade R research cigarettes were used unless
otherwise noted.

Smoking Conditions
-The cigarettes were smoked under the follow-

ing standard conditions which are meant to ap-
proximate the average puffing pattern of humans
(2): one 35-ml puff of about 2 sec duration every
20 sec. An average of 20 puffs per cigarette was
obtained. The manual smoking machine employed
in this study consists of a syringe connected
through a silica gel tube and a valve to a glass
capillary for passing the smoke into the spin trap
solution (Fig. 1.) The glass capillary (20 cm long,
ca. 0.6 mm o.d.) was connected to a Cambridge
filter holder leading to a small tube containing 4
ml of the spin trap solution. The total path length
between the cigarette and the spin trap solution
is 37 ± 0.5 cm. This, therefore, is the minimum
path length we could study. Experiments in
which the path length was varied were conducted

filter

glass

gel

Experimental
Materials

Three spin trap reagents were used in this
study. N-tert-butyl-a-phenyl nitrone (PBN) was
obtained from Eastman Kodak Co. (Rochester,
N.Y.) and used without further purification. 5,5-

ThiB part is changed

to appropriate lengths.
Valve

(in benzene)

FIGURE 1. A diagram of the manual smoking apparatus used.
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by using a Pyrex tube (7.4mm i.d.) of appropriate
length to change the distance between the Cam-
bridge filter (4.5 cm in diameter) and the glass
capillary. The distances given below as the smok-
ing path lengths are the lengths of the variable
section of Pyrex tubing; therefore, when the
length is given as 20 cm long, the actual smoking
path length including the capillary is ca. 57 cm.
Since the filter was observed to fracture after
more than six cigarettes, it was changed after
four cigarettes had been smoked. In the experi-
ments using filter paper, a filter paper holder of
6.9 cm i.d. was used. The measurements of the
weight of condensed materials were made under
the same conditions as used in the smoking path
length study but with only benzene in the trap.
The benzene was allowed to evaporate from the
brown-colored solutions, and the residue was
weighed.

Preparation of Particulate Matter Solution
The particulate matter (PM) solutions in this

study were prepared as follows. After four ciga-
rettes were smoked under the conditions de-
scribed above, the Cambridge filter was placed in
a shell extraction paper (80 x 25 mm) and ex-
tracted by refluxing with 100 ml benzene for 4 hr.
The resultant brown-colored benzene solution
was condensed to less than 20 ml by using nitro-
gen gas flow at room temperature and then di-
luted with benzene to 25 ml to yield a solution
containing 159.1 mg PM per 25 ml benzene. This
concentrated PM solution was further diluted to
give PM concentrations in the range 2.5-12.5
mg/10 ml that was observed in the smoking ex-
periments. These solutions of lower PM concen-
trations were then used to investigate the effect
of added PM on the rate of decay of the spin ad-
duct signals.

Spin Trapping Method
The PBN was dried in a vacuum desiccator

because of its hygroscopic character. The DMPO
and OHPBN were purified by vacuum distillation
and recrystallization, respectively, immediately
before use. The concentration of spin trap solu-
tion used was 0.05M in purified benzene. No ESR
signal was observed from the spin trap solutions
before they were exposed to smoke.

ESR Measurements
ESR spectra were measured with a JEOL

Model JES-3BS X-band spectrometer operating
at about 9.4 GHz using 100 Kc field modulation.

The frequency was monitored with a calibrated
absorption wavemeter incorporated in the mi-
crowave unit. Field sweep calibration was
checked with stable diphenylmethyl-tert-butyl
nitroxide radical in benzene (24-26). The nuclear
hyperfine splitting constants (hfsc) were ob-
tained by averaging the spacings between peaks
as well as between crossover baseline points. The
g-factors were calculated by using 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical as a standard
(g=2.0036). Quartz sample tubes were employed.
Deoxygenation was achieved by bubbling helium
gas through the solution in the ESR tube using a
glass capillary. A calibration curve obtained from
a series of concentrations of purified DPPH in
benzene was used to determine the smoke radical
concentration.

Computer Simulation
A computer was used to produce simulations of

the complex spectra that result when several
smoke radical-spin adducts are present in a solu-
tion. The program was kindly supplied by Dr.
Brian J. Hales of this Department. The param-
eters used for computer simulation were ex-
perimentally measured, and typical values are
summarized in Table 1.

Table I. Parameters observed for the spin adducts of oxy
radicals with PBN and DMPO and used in computer

simulations of ESR spectra.

hfsc, gauss Line width

aN Hallp p

Spin adducts a p gauss

BzO-PBN 13.25 1.49 0.532
t-BuO-PBN 14.18 1.93 0.940
Ph-PBN 14.45 2.15 0.925
BzO-DMPO 12.19 10.15 1.716
t-BuO-DMPO 13.05 7.52c 1.394
Ph-DMPO 13.96 19.47 0.926

BzO is PhCO2 and t-BuO is t-C4H,O.
Peak-to-peak line width.

c Also a'= 2.04 gauss.

Results
Since the ESR results to be discussed are com-

plex, it will be helpful to the reader to summarize
some of our conclusions at this point so the iden-
tification of the signals can be given as the data
are discussed. In brief, we find three types of
ESR signals. Type I appears to be due to a mix-
ture of the spin adducts of two types of oxy
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radicals, alkoxy (RO ) and aroyloxy (ArCO2 ).
Type II and III signals are not typical spectra of
spin adducts. Instead, we believe they result
from reactions of smoke, and probably radicals in
smoke, with the PBN spin trap and indicate that
smoke has the power to perform one-electron ox-
idations. Signals of all three types are observed
with PBN, but only a type I signal is observed
with DMPO and with OHPBN.

PBN Spin Trap
Figure 2 shows a typical spectrum observed

from the spin adduct produced when PBN is ex-
posed to smoke from nine cigarettes that had
been passed through a Cambridge filter. The
spectrum consists of two signals which are
superimposed: a typical PBN-spin adduct (type I
signal), in which the nitrogen triplet is split into
doublets giving a six-line spectrum; and a broad
triplet signal with 1:1:1 relative intensities (type
II), suggestive of a second nitrogen hyperfine in-
teraction and assigned al-10 gauss. (Type III
signals, which are not observed at this short path
length, will be described below.) A similar spec-
trum was obtained from commercial cigarettes
(nonfilter tip), with the smoke filtered either
through a Cambridge filter or a piece of filter
paper (Fig. 3). The hyperfine splitting constants
(hfsc) obtained from a series of experiments like

lo G

FIGURE 2. Typical ESR spectrum of smoke radicals-PBN spin
adducts at room temperature in benzene. R grade cigarettes
and Cambridge filters were used.

IO G

FIGURE 3. Typical ESR spectrum of smoke radicals-PBN spin
adducts from the nonfiltered commercial cigarettes and
filter paper experiment.

those represented by Figures 2 and 3 are sum-
marized in Table 2. If no filter was used, no
signals could be detected. A possible explanation
for this is given below.
A significant change in the ratio of the type I

and type II signal intensities occurred after the
solutions had been allowed to stand for 1 hr. The
six-line signal showed a rapid decay compared to
that of the broad triplet. The values of the hfsc do
not appear to change with time. The reproduci-
bility of the data in this study is indicated by the
values for duplicate runs given in Table 2. The
data of Bluhm et al. (27) and Wasson et al. (28),
who used a PBN spin trap system under different
conditions from the present study, are also listed
in Table 2 to facilitate comparisons. These results
will be discussed later.
Most of the spin adducts of PBN have similar

values of nuclear hfsc. Thus, the use of other spin
traps is necessary to identify the nature of the
radicals trapped. For this reason, we next studied
DMPO, which gives spin adducts with P-hydrogen
hfsc values that are more sensitive to the struc-
ture of the radicals trapped than are those of
PBN (29).

DMPO Spin Trap
The ESR spectrum obtained from the DMPO

spin adduct of gas phase smoke radicals, again
filtered through a Cambridge filter, consists of
six broad lines, with hfsc estimated to be aN=13.0
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Table 2. Results of spin trapping studies of cigarette smoke by using PBN.'

Number of Concn of
System and run no.b cigarettes PBN, MC

Ri 5 0.05
R2 6 0.05
R5 9 0.05
C12 8 0.05
Bluhm et al. e 0.05
Wasson et al. 38 0.2

aAll measured at room temperature.
' R and C indicate "R" grade research or commercial cigarettes,

respectively.
c Benzene was used as solvent.

+ 0.2 and aa-=10.1 + 0.3 gauss. A representative
spectrum is illustrated in Figure 4.
Compared to the PBN system signals, the ESR

signals in Figure 4 show a more rapid decay with
time. In addition, during the first half hour after
the initial measurements, they are significantly
altered to a different spectrum with aN=13.7 and
a,-11.3 gauss. These observations suggest that
at least two types of signals are being observed,
and this finding appears to be consistent with the
change in the relative intensities of the two
signals observed in the PBN system with time.
The hfsc values for the initially observed DMPO
spin adduct are summarized in Table 3, together
with some ESR data of known organic radicals.

OHPBN Spin Trap
Some studies were performed with the use of

OHPBN as the spin trap, since it has been re-
ported to yield different ESR signals for carbon-

10 G

FIGURE 4. ESR spectrum of cigarette smoke radicals-DMPO
spin adducts at room temperature in benzene.

Type I signal, gauss' Type II signal
aN aI a, gauss

13.9±0.2d 2.08 10.0
13.9±0.3 2.0±0.2 10.2
13.9±0.5 1.8±0.5 10.2
13.9±0.2 1.9±0.3 10.8
13.8±0.1 1.99±0.10 n.d'

15.0 n.d.f n.d.!
d Mean ± S.D.
e Five 20 ml puffs: see Bluhm et al. (27).
' Not detected.
, See de Hys et al. (28).

centered and oxygen-centered radicals. Pacifici
and Browning (30) found that OHPBN reacts with
oxy radicals at its OH group [eq. (2a)], whereas
carbon radicals add to the nitrone function [eq.
(2b)].

0

HO 0 C=N-j

ROe

I Reu

0
HI t

*0 C=N

(2a)
6

HO C-N
R (2b)

The observed ESR spectrum of smoke radical-
spin adducts from 0.05M OHPBN in benzene solu-
tion has aN=5.0, a1=2.8, al=1.7 and 1.5 gauss (two
nonequivalent aromatic protons). As is clear from
Table 4, the observed hfsc values from cigarette
smoke indicate a fair agreement with those of
phenoxy radicals, suggesting the presence of
oxygen-centered radicals in the smoke. Further-
more, the formation of nitroxide radicals from ad-
dition of carbon-centered radicals to the nitrone
is not observed, suggesting the absence of
carbon-centered radicals which are stable enough
to survive the passage through the glass tubing
and the Cambridge filter arrangement of our ex-
periments.

Effect of Smoking Path Length
A study of the effect of smoking path length

was made in an effort to provide information
about the lifetime of the radicals in smoke. It was
hoped that short-lived radicals in the smoke
might undergo a rapid decay and allow observa-
tion of longer-lived, more stable radicals. To our
surprise, the longer path length experiments
were found to give cleaner ESR signals, sug-
gesting a higher concentration of smoke radicals.
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Table 3. Results of spin trapping studies of cigarette smoke and known radicals with DMPO.

Nitroxide"
N H HRadical Number of Concn. of a , ap, ay,

source cigarettes DMPO, Me gauss gauss gauss

Smoke radicals
R6 10 0.053 13.0±0.2 10.1+0.3
R7 15 0.05 13.2±0.1 9.2±0.1
C14 10 0.05 13.0±0.1 8.3+0.4

Known radicals
CH3- 0.05 (14.31)P (20.52)
C6Hs 0.05 14.Od 19.4

(13.76)d (19.22)
t-C4H9,O 0.05 13.2' 7.6 2.2

13AY 7.8 2.0
(13.11)e (7.93) (1.97)

C6H5sCO 0.05 (13.99)' (15.57)
C6HsCOO 0.05 12.2h 10.2 n.d.i

(12.24)h (9.63) (0.87)

a All measured in benzene at room temperature.
bLiterature values are shown in parentheses; see Janzen

and Liu (29).
c Photolysis of methylmercury iodide.
I Thermal decomposition of phenylazotriphenylmethane at

600C.

A typical ESR spectrum obtained from the ex-
periments using a 60 cm smoking path length, and
the PBN spin trap system is shown in Figure 5.

Spectra from longer path length experiments,
such as that shown in Figure 5, are interpreted in
Table 5 in terms of three types of signals: type I,

10 G

FIGURE 5. Typical ESR spectrum of smoke radicals-PBN spin
adducts in benzene obtained by using a 60 cm smoking path
length.

e Thermal decomposition of di-tert-butyl peroxide at room
temperature.

' Thermal decomposition of di-tert-butyl peroxide at 6000.
' Hydrogen abstraction from benzaldehyde by benzophe-

none triplet.
Thermal decomposition of benzoyl peroxide at 6000.
Not detected.

Table 4. Results of spin trapping studies of cigarette smoke
and known radicals with OHPBN.'

Number of aN, a, aH
Source cigarettes gauss gauss gauss

Smoke radicals
R8 10 5.1 2.9 1.7 1.5
C13 6 4.9 2.7 1.6 1.5

Known radicals Nitroxide
C6Hs . 14.6b 2.3b
(CH3)2CCN 13.4b 3.7

Phenoxyl
C6HsCOO 5.05b 2.60 1.70 1.50b
CH3COO 5.05b 2.60 1.70 1.50

"All measured in 0.05M OHPBN in benzene at room
temperature.

I Literature values; see Pacifici and Browning (30).

a triplet of doublets with aN=13.8 and a,fr1.9
gauss and with g=2.0061, appears to be due to a
mixture of the PBN spin adducts of two species of
oxy radicals, alkoxy (RO ) and aroyloxy (Ar-
CO2- ). The other two types of signals are a broad
1:1:1 triplet with a'-10.4 gauss and g=2.0061
(type II), and a 1:1:1 triplet with aN=8.1 gauss and
g=2.0064 (type III). We believe the type II and III
signals do not arise from normal PBN spin ad-
ducts; instead we suggest they result from the
reaction of smoke, and probably radicals in smoke
(see below), with PBN. We tentatively suggest
that the type II signal shows a nitrogen hyperfine
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Table 5. Effect of smoking path length on the results of spin trapping studies of cigarette smoke with PBN and DMPO.a

PBN DMPO (Type I)
Path Type I Type II, Type III,

length, cm aN, gauss ap, gauss aN, gauss aN, gauss aN, gauss ap gauss
b~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0 13.9±0.3 1.9±0.2 10.2 n.d.b 13.2±0.1 9.2±0.1

20 13.9±0.1 1.8±0.1 10.1 n.d.b 13.3±0.6 8.9±0.1
40 13.9±0.1 1.9±0.1 10.5 7.9 13.1±0.1 8.0±0.2
60 13.8±0.1 1.9±0.1 10.6 8.1 13.1±0.1 7.9±0.3
80 13.8±0.2 1.8±0.2 10.2 8.1 - -
100 13.8±0.1 1.9±0.1 10.4 8.1 - -
120 13.9±0.1 1.9±0.1 10.6 8.1 13.2±0.1 8.2±0.3
180 13.8±0.1 1.8±0.2 10.4 n.d.b 13.8±0.6 8.8±0.4

g Factor 2.0061±0.0001 2.0061±0.0001 2.0064d 2.0068±0.0002

aAll measured in 0.05M nitrone in benzene at room temperature by using eight R grade cigarettes. All values mean ±standard
deviation.
bNot detected.

splitting. We are studying the reactions of
several smoke constituents (e.g., alkyl nitrites)
with PBN in an effort to identify the radical(s)
which produce the type II signal.
A signal that has aN = 7.67 gauss and is similar

to the type III signal was reported by Janzen and
Blackburn (26) from the reaction of PBN with a
variety of oxidizing agents such as chlorine, bro-
mine, and substituted perbenzoic acids. They sug-
gest that this spectrum is due to benzoyl-tert-
butyl nitroxide, PhCO-N(-O )-t-C4H9. We,
therefore, tentatively infer that our type III sig-
nal is also due to this one-electron oxidation
product from PBN.

In an effort to identify the type III signal, we
studied the reactions of nitric oxide (NO) and
nitrogen dioxide (NO2) with PBN. It is known
(31,32) that smoke contains a relatively high con-
centration of both NO and NO2. When PBN solu-
tions are exposed to either NO or NO2, the same
signal is observed, a triplet very much like the
type III signal with aN= 8.0 gauss. This is not the
signal expected for the spin adducts of either NO
or NO2 with PBN, therefore, we conclude that
these nitrogen oxides, both of which are free rad-
icals, may oxidize PBN to produce a type III sig-
nal. An opposite conclusion has been reached by
other workers. de Hys et al. (28), using a 0.2M
PBN solution in benzene, did not observe the
triplet which they found characteristic of NO2
(aN10 gauss) in their cigarette smoke spectrum.
They therefore concluded (28) that NO2 was not
the radical present in smoke.

In contrast with PBN, the ESR spectrum ob-
tained from the DMPO-cigarette smoke system
with a 60 cm path length is more complicated, as
is shown in Figure 6, than is the shorter path
length spectrum shown in Figure 4. Although

such a noisy spectrum is rather hard to interpret,
it is clear from Figure 6 that the spectrum in-
volves a six-line signal with aN= 13.1 ± 0.1 and api
= 7.9 ± 0.3 gauss that is similar to the signal ob-
tained by computer simulation of a mixture of
spin adducts of DMPO with alkoxy and aroyloxy
radicals (see below). This six-line signal is not due
to the adduct of DMPO with either NO or NO2,
since these adducts were found to give very dif-
ferent signals. (The NO and NO2 spin adducts of
DMPO give complex spectra of 7 and 15 lines,
respectively.) The relative intensities of the
signals obtained with DMPO do not change as a
fuhction of the smoking path length, in a manner
similar to that observed for the PBN signals.
The effects of smoking path length on aN and a,'

values are also interesting. As can be seen in
Table 5 and Figure 7, hfsc in the PBN system ap-
pear to be independent of the smoking path
length. However, in the DMPO system, both aN
and aH' values show a slight variation with in-
creasing path length, with a minimum value of
the hfsc at about a 60 cm path length. These find-
ings again indicate that at least two different
types of signals, which have almost the same
hfsc's in the PBN system, are present in the
DMPO spin trap solution. Indeed, computer simu-
lation shows that the change in the relative inten-
sity of these two signals affects the value of aN
and a' observed.

Effects of Aging and Radical Concentration
Measurements of the time dependence of the

signals of the spin adducts also proved inter-
esting. Figure 8 shows the results obtained 10
and 30 min after the initial measurement for the
smoke-PBN system. Compared to Figure 5, it can
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FIGURE 6. Typical ESR spectrum of smoke radicals-DMPO spin adducts in benzene obtained by using a 60 cm smoking path length.

be seen that the relative intensities of type I and
II signals drastically change with time, sug-
gesting that they arise from different types of
radicals. The relative concentrations of radicals
producing types I:II:III signals change from
110:20:1 in the initial measurement to 60:35:1
after 30 min. These changes correspond to a
decrease in the relative area of the type I signal
from 82% to 63%, and an increase in the relative
size of the Type II signal from 17°h to 36% of the
total area. The relative area of type III radicals
appears to remain constant at about 0.8°h of the
total area. Figure 9 graphically shows the results
of the changes for the three types of smoke
signals with time. The values given in Figure 9
were obtained by using a 60 cm smoking path
length system.

It is obvious from Figure 9 that there is a great
difference in the decay rate for the three types of
signals. The ratio of decay rates is approximately
103:102:1 for type I:II:III signals during the initial
30min.

de Hys and co-workers (28) report a significant
change in the hfsc for the signals they observe
from the smoke-PBN spin adduct upon aging the
solutions. However, we do not find any change in
the hfsc of the PBN spin adducts with time, de-
spite the change in relative intensities described
above.
The ESR spectrum of the smoke-DMPO spin

adduct measured after aging for 40 min is shown
in Figure 10. The spectrum in Figure 10 appar-
ently consists of six lines with aN = 13.7 and a'=,-
11.3 gauss, values which are significantly dif-
ferent from the initial spectrum shown in Figure
6. It seems most reasonable to consider that this
change results from the rapid decay of one compo-
nent in the DMPO spin adduct solution.
The ESR spectra from a 60 cm path length ex-

periment indicated a radical density of approx-
imately 4 x 1014 spins/puff (or approximately 1 x
1016 spins/g of cigarette weight loss) assuming all
smoke radicals are trapped by PBN. This value is
close to those obtained by direct ESR measure-
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ments on cigarette smoke condensate at 77°K
(8,16). Menzel et al. (33) report the very much
larger value of 1018 spins/puff of smoke using a

technique based on line broadening of the smoke
radical-PBN spin adduct at room temperature;
their value would imply that 0.2% of the material
in smoke contains an odd electron, a surprising
result. For the 20 and 120 cm path lengths, we ob-
tain 2 and 3 x 1014 spins/puff, respectively. These
values show, as noted above, that higher concen-
trations of PBN spin adducts are obtained at in-
termediate path lengths. We have also duplicated
Bluhm's experiment (27) using a Cambridge filter
and find the concentration of radicals in smoke to
be approximately 2.5 x 1014 spins/puff. Without a

Cambridge filter we observe only a very weak
signal.
To verify this effect of path length, the heights

of the two central peaks in the ESR spectrum
divided by gain are plotted versus the smoking
path length in Figure 11. It is evident from

FIGURE 8. ESR spectral changes with time of cigarette smoke
radicals-PBN spin adducts in a 60 cm path length system: (a)
ca. 10 min and (b) 30 min after initial measurement.

Figure 11 that the condensed materials and
smoke radical concentrations are a function of the
smoking path lengths. Larger amounts of con-
densed materials were obtained in the shorter
path length solution; for example, the amounts of
condensed materials in 0, 60, and 120 cm path
length systems were found to be 2.7, 1.1, and 0.6
mg, respectively (see Experimental Section).

Surprisingly however, the highest smoke radi-
cal concentrations were not obtained at the
shortest path lengths (Fig. 11). Instead, the smoke
radical concentration increases initially with path
length to a maximum at 60 cm and then slowly de-
creases. We interpret this result as a competition
between two opposing effects of changing path
length: (1) radical concentration decreases as the
path length is increased, which explains the de-
crease in ESR signal at long path lengths; (2) a

high concentration of semivolatile particulate
materials (PM) is aspirated and blown into the
spin trap solutions at very short path lengths.
Neurath (34) and Grob and Voellmin (35) have
shown that a large number of organic compounds,
including polynuclear aromatic hydrocarbons,
phenols, aldehydes, and heterocyclic compounds,
exist as "semivolatiles" (36) in tobacco smoke and
can be volatilized again from a Cambridge filter
after being trapped on it. These materials occur
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FIGURE 9. Time dependence of signal areas in cigarette smoke-
PBN spin trapping system in benzene: (A) total, (0) type I,
(0) type II, and (0, bottom) type III signal areas. These val-
ues were measured in a 60 cm smoking path length experi-
ment. IL

in our system, and they probably react with radi-
cals. In experiments at longer path length, most
of these materials condense on the glass tubing of
the smoking apparatus without reaching the trap
solution, and therefore have little effect on the
concentration of radicals observed. In the shorter
path length experiments, more of these materials
reach the spin trap solution and trap radicals,
where they cause a decrease in the concentration
of the spin-adduct radicals. In our present re-
search, we are investigating two possible expla-
nations of this phenomenon. One is that the mate-
rials in the particulate matter react with the spin
adduct radicals as shown in eq. (3).

Nitroxides of + PM Products which do not
smoke radicals give ESR signals

In fact, our preliminary experiments do in-
dicate that addition of PM in amounts comparable
to that found in the smoke experiments results in
a significant decay of PhCO2- or tert-BuO-PBN
spin adduct signals. We have also found that the
initial rate of disappearance of these nitroxide
radicals is first order in PM at room temperature.
The second possible interpretation of the path

length effect is that condensed materials and PM
compete with spin traps such as PBN to scavenge
the smoke radicals and give products which do
not exhibit ESR signals [eq.(4)].

Since the rate constants for trapping oxy radi-
cals by PBN are 106107 1./mole-sec (25), the con-
densed materials and particulate matter must

I0 G
FIGURE 10. ESR spectral change in smoke radicals-DMPO spin adduct of a 60 cm path length system in benzene measured 40 min

after the initial measurement which is shown in Fig. 6.
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standard errors.
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react with smoke radicals very rapidly. This is
not unexpected; we will refer to this possibility
later.

Computer Simulation
To further elucidate the spectra obtained in

this study, computer simulation was employed.
The simulated ESR spectra obtained by use of our
data on PBN spin adducts of benzoyloxy (PhCO2 )
and tert-butoxy (t-BuO ) radicals (Table 1) and
the data on type II and III signals are illustrated
in Figure 12, in which the solid and dashed curves
represent the data obtained for Gaussian and
Lorentzian line shapes, respectively. As is ob-
vious from Figure 12, the Gaussian curve appears
to coincide best with the observed spectrum (the
dotted line) in the system with 60 cm smoking
path length. The agreement between the
simulated and observed spectra strongly
suggests that the ESR signals observed as a set
of three doublets (type I) may involve two dif-
ferent kinds of nitroxides such as PhCO2 and t-

FIGURE 12. Simulated ESR spectra of the t-BuO- and
PhCO2-PBN, type II, and type III signals for the 60 cm path
length system: ( ), Gaussian; (---), Lorentzian; (... ),
observed spectrum from eight cigarettes. Parameters for
t-BuO-PBN, PhCO2-PBN, type II, and type Ill: relative inten-
sity: 0.9:0.1:0.4:0.0035; g values: 2.0061, 2.0061, 2.0061,
2.0064; line width: 0.950, 0.780, 1.525, 0.440 gauss, respec-
tively.

BuO spin adducts; this will be discussed later.
The spectra obtained from shorter path lengths
could be also simulated by using slightly larger
line widths for the PBN spin adduct, suggestive
of line broadening. These computed spectra are
depicted in Figure 13. The observed spectrum in
the smoke system appears to fit a Lorentzian
curve best, as can be seen in Figure 13.

Similarly, a simulation of the spectra of smoke
radical-DMPO spin adducts (Figs. 4 and 6) was
performed. Figure 4 shows a broad six-line spec-
trum without any of the y-hydrogen splitting that
is observed in the longer path length spectrum
(Fig. 6). Although this difference in y-hydrogen
splitting could indicate different radicals in these
two spectra, we believe that line broadening in
Figure 4 hides these splittings which are superim-
posed on the narrower lines in Figure 6. The
simulated spectra of Figure 4 using our data for
DMPO spin adducts of PhCO- and t-BuO- radicals
(Table I) are illustrated in Figure 14, in which the
simulated Gaussian and Lorentzian lines are
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FIGURE 13. Simulated ESR spectra of the t-BuO- and
PhCO2-PBN, type II, and type III signals for the short path
length system: (-.) Gaussian; (---) Lorentzian; (. .)
observed spectrum from nine cigarettes. Parameters used
for t-BuO-PBN, PhCO2-PBN, type II, and type III; relative
intensity: 0.9:0.1:0.20:0.0015; g values: 2.0061, 2.0061,
2.0061, 2.0061, 2.0064; line width: 1.229, 0.850, 1.525, 0..440
gauss, respectively.

given as solid and dashed lines, respectively,
while the dotted line represents the observed
spectrum. The simulated spectra of Figure 6 are
likewise given in Figure 15. The simulated spec-
tra do not fit the observed spectra very well;
therefore, although the hfsc values obtained from
the simulations (aN' 12.6 and a'( 7.1 gauss) are
suggestive of the values for spin adducts of
PhCO2* and t-BuO radicals, the poor fit could
indicate the presence of other radicals in this
system.

These computer simulations also emphasize the
line broadening which occurs in the shorter path
length experiments. Because of this path length
dependence, we believe that this broadening results
from interaction of the spin adduct radicals with PM
in the spin trapping solution. Line broadening due to
a decrease in spin-lattice relaxation time (radical
lifetime) is relatively unimportant for these stable
nitroxide radicals; rather a decrease in the spin-spin
relaxation time caused perhaps by electron-spin ex-
change or dipolar interactions probably produces
this linewidth effect.

Discussion
The formation of typical nitroxide spin adducts

with observable P-hydrogen hfsc from cigarette

smoke was observed using both PBN and DMPO.
The long path length experiments with PBN are
perhaps the most revealing. We interpret the
ESR spectra observed in this system (see Fig. 5)
as being composed of three types of signals.
Signals of types II and III we tentatively assign
to one-electron oxidation products of PBN. The
hfsc for the type I signal (Table 5) are aN 13.8
and a' - 1.9 gauss. These values appear to be a
combination of the hfsc values for the tert-butoxy
and benzoyloxy spin adducts (see Table 1). The
presence of alkoxy radicals in smoke also has
been suggested by Bluhm et al. (27), who report
the formation of a PBN spin adduct with aN = 13.7
and al= 1.99 gauss.
The spectral changes obtained from the time

dependence of the DMPO signals indicate the ex-
istence of several types of radicals in this system
also. The ESR spectrum (Fig. 10) with aN = 13.7
and alf = 11.3 gauss, which was obtained about 40
min after the initial spectrum shown in Figure 6,
also appears to have characteristics of both
alkoxy and aroyloxy radicals (compare Tables 1
and 5).

Therefore, we suggest that type I signals
result from spin adducts of both alkoxy and
aroyloxy radicals. Although the individual hfsc in
Table 1 do not agree exactly with those for type I
radicals, computer simulations of the spectra
which result from a mixture of spin adducts from
both alkoxy and aroyloxy radicals with PBN and
DMPO agree satisfactorily with the observed
spectra (see Figs.12-15.)
Our present data do not allow us to specify the

nature of either the aromatic group in ArCO2, or
the alkyl group in the RO radicals. However,
since the path lengths in these experiments are
relatively long, and since tertiary alkoxy radicals
are longer-lived than primary or secondary (37), it
is not unreasonable to suggest that the alkoxy
radicals are mainly tertiary with structures like
that of the tert-butoxy radical we have used as a
model.
The absence of carbon-centered radicals is in-

dicated by the data from both the PBN and the
DMPO systems. This is confirmed by studies us-
ing OHPBN, a spin trap that gives different kinds
of signals for oxygen- and carbon-centered rad-
icals. It is not surprising that carbon-centered
radicals are not observed as spin adducts in our
system, since they would be expected to react
rapidly with oxygen before they reach the spin
trap solution. The basis of this expectation is the
following. The rate constant for the reaction of
simple alkyl radicals with oxygen is very fast, ap-
proximately 109 1./mole-sec (37). Johnson et al.
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(38), using 1802-labeled air, demonstrated that ap-
preciable oxygenation of the material in smoke
occurs. Thus, although carbon radicals undoubt-
edly are present, they are converted to oxygen-
ated radicals before they can be trapped.

It might appear surprising that only alkoxy
radicals and not peroxy radicals are trapped.
However, studies of the autoxidation of hydrocar-
bons indicate that the peroxy radicals initially
formed can react to produce alkoxy radicals. For
example, they can dimerize to form two alkoxy
radicals and a molecule of oxygen (37). They also
can abstract hydrogen to produce unstable hy-
droperoxides, ROOH (39-42). The homolysis of
these hydroperoxides can be assisted by olefins,
aldehydes and ketones, carboxylic acids, alco-
hols, amines and amine salts, or other molecules
of hydroperoxide; in other words, by practically
any organic compound (43). Moreover, tobacco
contains various metallic compounds involving

iron, maganese, copper, zinc, and nickel (3), traces
of which are known to induce the homolytic de-
composition of hydroperoxides at room tempera-
ture (43). In addition, peroxy radicals are con-
verted to alkoxy radicals by reaction with a num-
ber of reagents (olefins, amines, sulfides) in
oxygen-transfer reactions.
The production of aroyloxy-type radicals could

result from the oxidation of aldehydes. Extensive
analyses of tobacco constituents have shown the
presence of both aromatic aldehydes (44) and con-
siderable amounts (45) of carbonyl constituents
(16-34 mg/100 g dry weight). In addition, the
acidic constituents are more than 20% of the dry
leaf weight (46).
We suggest the two possible mechanisms to ex-

plain the path length effect observed in this
study. One is related to the stability of nitroxide
radicals [eq. (3)]. The other mechanism, shown in
eq. (4a), is related to the reactivity of the smoke

August 1976 173



1 '' !

1. I.

I Is 0 G

FIGURE 15. Simulated ESR spectra of the t-BuO- and PhCO,-DMPO system: ( ,Gaussian; (--,Lorentzian; ( ,observed
spectrum from eight cigarettes in the 60 cm path length system. Parameters used for t-BuO-DMPO and PhC02-DMPO; relative
intensity: 0.80:0.20; g values: 2.00652, 2.00674; line width: 1.60, 1.72 gauss, respectively.

radicals and might have important implications
on the carcinogenicity of cigarette smoke. We
suggest that smoke radicals may be able to con-
vert aromatic compounds to arene oxide or hy-
droxide.

ArH Radicalsin Arene oxide - ArOH (5)
smoke

derivatives [eq. (5)]. It is known that aromatic
hydrocarbons themselves are not carcinogenic
but that their oxides and hydroxy derivatives
may be (47-53). It also is known (54, 55) that
peroxy radicals convert olefins to epoxides [eq.
(6)]. Thus we suggest that aromatic hydrocarbons

0
ROO * + R2C=CR2 - RO * + R2C-CR2 (6)

in smoke might react with peroxy radicals in
smoke to produce arene epoxides; these are
known to be converted to aromatic hydroxy de-

rivatives (56-59). Thus, smoke may contain both
precarcinogens and the reactive species capable
of converting them to active carcinogens.
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